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Abstract 
 The device discussed in this report was designed to enable a climber to have more control over 
their experience when using an automatic belay device. This project was broken into three parts 
including the device used to brake the belay webbing, a control system used to receive and manage 
wireless belay command signals, and a Graphical User Interface. A prototype of the braking device was 
created and is described. The report also discusses the design decisions behind the model and 
prototype, and provides suggestions for making a stronger, more robust prototype of the system. In 
addition, this paper discusses the programming behind the control system that is used to handle 
wireless signals and to host the GUI. Finally, suggestions for future work on the project are proposed 
that would result in a stronger, sturdier and more robust system.   
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1 Introduction 
 Indoor climbing is a recreational sport that has been growing in popularity in America, with a 
10% growth in 2013 and a 9% growth in 2014 (Climbing Business Journal).  This means that there are 
constantly new climbers being introduced to the sport who are looking to improve their skill and 
techniques. In order to stay safe while climbing, climbers use a belay rope. Traditional use of a belay 
rope requires having a partner to control the rope for the climber while they climb. Often, these 
beginner climbers do not always have a partner to climb with them and look to their climbing gyms to 
offer opportunities to make up for it.   
One way climbing gyms help provide those opportunities is to have staff members on duty 
during peak hours to belay for climbers. In this case, the staff member operates the rope and belay 
device while the climber climbs for a set period of time.  This option can be preferable for single 
climbers because they get to climb for the entire period of time rather than belaying for their partner 
half the time. However, staff belay options can get pricey for climbers who intend to climb often 
because the climber has to pay for every session they do rather than just paying for a membership. 
Further, this option cannot be utilized during off-hours when the gym is less busy. 
A secondary option for beginner climbers to work on skills alone during any hours of the day is 
to use an automatic belay system (auto belay). An auto belay is a mechanical or electromechanical 
system that can do some of the work of a human belayer in order to keep a climber safe. Auto belays 
are a good option for new climbers because they are standalone and do not require an additional 
person to operate them. In addition, gyms generally have climbers pay one set rate for a day pass for full 
access to the gym, including auto belay stations. Alternatively, auto belays also have some less desirable 
features. Most importantly, auto belay systems that exist today do not offer the option to engage a 
brake while the climber is climbing or falling. This means that if a climber were to let go of the wall, 
either intentionally or unintentionally, the system will lower them all the way to the ground. For 
beginner climbers, this means they cannot work on new techniques without the risk of falling and having 
to start over.  
 There are several main producers of auto belay systems for use of climbing gyms. Of the 
traditional, standalone systems, none are able to brake the rope to prevent the climber from descending 
immediately when letting go of the wall. This project will look into existing and recalled automatic belay 
devices in order to determine the feasibility of creating a braking device for an automatic belay. In 
addition, this project will explore ways of controlling such a system using climber inputs.  Research into 
existing products will be conducted to find any relevant products that have already been created. These 
products will be analyzed to determine why they are not widely used in industry.  
1.1 Problem statement 
The focus of this senior design project is to develop a system that replicates the flexibility 
provided by a climber from a manual belayer.  The first objective focuses on adding a rest mode to the 
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auto belay system.  This will be achieved by developing a braking device to be attached to the outside of 
an existing auto belay; the main goal will be for the braking device to engage given a climber input or 
fall.  The second objective addresses the user interface between the climber and the auto belay system.  
This will be achieved by designing a user input module. The user interface enables the climber to choose 
the mode while maintaining a grip on the wall for climbing. The third objective involves a wireless 
interface connecting the subsystems together.  All three systems must interface together to accomplish 
a task which none of the subsystems could operate independently.   
Specific objectives for this project are to: 
● Develop a system through which the climber can choose to rest or descend to the ground 
● Develop a user interface for the climber to select the mode of operation while climbing 
● Create a braking device to keep the climber from  descending when resting or in the case of a 
fall 
● Create a wireless system which will interface with all subsystems 
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2 Background 
Recreational climbing has endured for hundreds of years, though little of the history of it has 
been recorded.  The 1900’s brought about fundamental changes to the climbing sport and community.  
In the 1970’s, the first universal system for grading the intensity of climbs, the Yosemite Decimal 
System, was invented.  In the 1990’s, the first international climbing competition came to exist.  With 
the popularity growing, indoor climbing gyms and centers began to open.  According to the Climbing 
Business Journal, climbing gyms openings increased at a rate of 9% in 2014 and 10% in 2013. 
2.1 Belay Devices 
 With this increase in recreational climbing, there have also been improvements in climbing gear 
and technology.  The main piece of gear associated with this project is the belay device.  Before 
hardware versions of belay devices were created, belayers used a knot called a Munter hitch.  This knot 
is a simple method of belaying a climber by creating tension on the rope.  The original belay devices 
used in recreational climbing were Sticht plates.  Sticht plates are used to put friction on the rope 
through the tight angles in the system and are thus effective as belay devices.  However, Sticht plates 
are easy to jam and are known to cause a rough descent.  The next generation of belay devices are ATC’s 
(Air Traffic Controllers), see Figure 2.1.  ATC’s are the most common type of manual belay devices; they 
must be completely controlled and locked off by a human belayer.  When the ATC is locked off, the rope 
is immobilized and holds the climber securely to the wall.  Evolving from ATC’s are Gri-Gris, which lock 
automatically when the belayer pulls the rope through the system.  In order to let the climber down, the 
belayer has to depress a small lever that releases the rope. The manual belays are shown in greater 
detail in Figure 2.1. 
 
 
Figure 2.1: From left to right Gri-Gri (Auto-lock, gear), ATC (Manual, gear), and Munter Hitch (Knot) 
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 Another method of belaying is to use an automatic belay (auto-belay) system, see Figure 2.2.  
Auto belay systems automatically retract the rope as a climber climbs.  If the climber falls, the auto belay 
system keeps some tension on the rope while lowering the climber completely to the ground.  There is 
no way for the system to hold the climber in place unless the climber manually pulls himself or herself 
back onto the wall.  Most auto belays are manufactured and sold by the companies TruBlue and Perfect 
Descent.  Another company that previously made auto belays was MSA but their Redpoint and Auto 
Belay descenders underwent a massive recall in October of 2009.  
 
Figure 2.2: Auto Belay Device 
 Typically, most auto belays are missing key features that a belayer could provide such as rest, or 
multiple attempts of a difficult climbing section.  Auto belays manufactures, such as TruBlue and Perfect 
Descent, offer several different types of auto belays that wind the rope using different methods but the 
output is basically the same.  A company called BM Engineering in the United Kingdom was issued a 
patent in 2006 for an auto belay system that could be controlled via a remote.  The system gave the 
climbers options to switch the modes of the belay system between winding up slack and letting slack 
out.  This remote controlled system is not currently being sold in the US, if at all.  This MQP aims at 
creating a marketable system that provides a more controlled environment for the climber as well as a 
user interface for the climbing gym community.  
 Most auto belay devices that are commercially available use 1 inch tubular webbing as a belay 
line rather than dynamic climbing rope.  Tubular webbing is a static, nylon material that does not allow 
for much stretch at all.  Auto belay devices use webbing rather than rope because webbing is cheaper 
and because current auto belay devices do not cause abrupt forces on the climber.  Creating a braking 
system for an auto belay device would have to be designed to minimize the forces on the climber when 
the brakes engage.   
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2.2 Major Stakeholders 
The project team identified six primary stakeholders in this capstone design project: 
International Climbing and Mountaineering Federation (UIAA), the American National Standards 
Institute (ANSI), climbers, climbing gyms, the project team and project advisor, and casualty insurance 
companies.  All the stakeholders expressed interest in this project either directly by being the user or 
indirectly through laws and regulations.  High priority stakeholders were given a priority of one and 
lower priority stakeholders were given a two or three.  These stakeholders are shown in more detail in 
Table 2.1. 
Table 2.1: Stakeholder Analysis 
ID Title Description Role Priority 
SH.01 UIAA/ANSI Inspects and certifies belay devices Compliance with laws and 
regulations 
1 
SH.02 Climbers Climbers and people using the 
auto belay device for climbing 
Direct, involved, operators 1 
SH.03 Climbing 
Gyms 
Interested in implementing this 
technology in their gyms 
Financial beneficiary 2 
SH.04 Project 
team 
Team members design auto belay 
system 
Developer 1 
SH.05 Project 
Advisor 
Scores and directs project Director, project manager 
Provides technical, managerial, 
educational help 
1 
SH.06 Insurance 
companies 
Insures belay device so climbing 
gyms are not liable for damages 
Compliance with insurance risk 
management  requirements and 
reviews  
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The first stakeholders listed are the International Climbing and Mountaineering Federation, 
(UIAA) and the American National Standards Institute (ANSI.) Both UIAA and ANSI are agencies that are 
responsible for the certification and safety of commercially available climbing equipment.  Although 
there are no set safety standards for auto belays that have been adopted by the climbing industry, most 
auto belay manufacturers require some standards for liability insurance.  The upgraded auto belay 
system proposed by this MQP must be safe, inspected and comply with UIAA and ANSI standards.   
The second stakeholders listed are climbers.  They are the sole operators of the belay device and 
therefore are given the priority of one. They are the direct operators of this purposed device, so the final 
product should be easy to learn and not hinder them on the climbing wall.  Climbers would be the 
primary beneficiaries of this proposed device because it will provide them with more options while 
climbing.  This project would enhance and provide greater flexibility for their climbing experience 
 Climbing gyms are likely to benefit financially from an improved auto belay system by attracting 
more climbers.  Climbing gyms, as a stakeholder group, were given a priority of two.  They would be 
implementing this technology in their climbing gyms.  The ease of use of the proposed device and 
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approval from UIAA and ANSI would be critical.  Climbing gyms typically need to purchase insurance for 
liability reasons and conform to standards. Therefore, insurance companies are a stakeholder with a 
priority of three.  Additional insurance is provided through the manufacturer, subject to the climbing 
gym having regular inspections and preventative maintenance.   
The project team and advisors are both stakeholders with a high priority because both groups 
have to determine the feasibility of the needs of the other stakeholders. The project team will 
determine the budget of the project and the most efficient ways to implement ideas brought forward. 
The project advisor will have a heavy level of influence over this project. The project advisor will approve 
and asses any major ideas proposed and will determine if the final project meets the project proposal.  
A graphical representation of the stakeholders is shown as an onion diagram below in Figure 
2.3.  The stakeholders closer to the center are a higher priority than the outer circles.  The onion 
diagram shows the project in the center surrounded by our system.  This system consists of the high 
priority stakeholders (UIAA/ANSI, climbers, project team, and project advisor). The next layer consists of 
the medium priority stakeholder, insurance companies.  The wider environment consists of the lowest 
priority stakeholder, climbing gyms.   
 
Figure 2.3: Onion Diagram of Stakeholders 
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2.3 Needs Analysis 
 This project involved determining the needs of all six of the stakeholders identified.  UIAA, ANSI, 
and insurance companies expressed safety needs since all auto belays must conform to the same safety 
standards.  Climbers expressed operational needs because the device needs to be easy to operate and 
readily learn.  Insurance companies expressed the needs of conforming to their underwriting standards.  
The project team and advisor expressed needs for an adequate budget and schedule.  Climbing gyms 
expressed needs for compatibility with current belay systems and the financial need for investment in 
climbing gyms.  Table 2.2 summarizes the needs analysis.  Each need is traceable back to a stakeholder 
in order to determine importance and necessity. 
Table 2.2: Need Analysis 
ID Title Description Compliance Priority Traceability 
N.01 UIAA/ANSI The auto belay device should 
conform to UIAA/ANSI standards 
Test, inspect 1 SH.01, SH.02, 
SH.03 
N.02 Climbers The device should be easy for 
beginning climbers to learn 
Test 1 SH.02, SH.03 
N.03 Project team and 
advisors 
The device should be developed on 
schedule 
Schedules, 
budgets 
1 SH.04, SH.05 
N.04 Insurance 
companies 
The device should comply with 
standards for insurance companies 
Inspect 2 SH.06 
N.06 Compatibility The device should be backwards 
compatible with current belay 
systems 
Models 2 SH.03 
N.07 Testing The device should be able to test 
on a climbing structure 
Models, 
testing 
1 SH.04, SH.05 
N.07 Climbing gyms This device should meet the 
investment needs of climbing gyms 
Budget, 
costs 
3 SH.03 
N.08 Emergency release The device should have a feature 
to release the rope in case of 
emergency 
Models, 
testing 
2 SH.04 
N.09 Multi-System 
Communications 
The system should be able to 
interface with different 
components 
Test, model 1 SH.04, SH.02 
N.10 User Interface The system should have a method 
of interaction where the user can 
climb with both hands and interact 
with the system   
Test, Model 1 SH.04, SH.02 
  
8 
2.4 Wireless Systems 
Bluetooth is a “secure protocol, and it’s perfect for short-range, low-power, low-cost, wireless 
transmissions between electronic devices” (Sparkfun, "Bluetooth Basics", 2016).  Most Bluetooth Class 2 
systems have a range of approximately 10 meters indoors.  Bluetooth Class 1 radios typically have a 
range of approximately 100 meters.  Bluetooth radios are ideal for mobile applications but they can only 
pair with a maximum of eight devices. In addition, Bluetooth devices take a variable period of time to 
connect. Both the range and connection limitations make Bluetooth devices inconsistent with the needs 
for this project. 
ZigBee is a low-rate, low-power consumption and low-cost wireless standard (Yang, Ji, Gao, 
Zheng, Guo). Unlike Bluetooth, Zigbee scan support up to 65,000 devices on the same network.  Most 
applications for Zigbee are low power and low data rate. Zigbee devices typically have an indoor range 
from 10-100 meters and can be connected to a router to extend the range. This project needs to be 
power efficient and does not have to send complicated signals. For this project, Zigbee devices would be 
the most ideal. It is important to note that Zigbee devices are simply any line of devices that use the 
Zigbee wireless standards.  
Wi-Fi and Ultra-Wideband (UWB) were also researched. Both are typically are used in high data 
rate applications and have high power consumption. These devices transmit fast and are ideal for 
Internet access. Wi-Fi networks and can support up to 2007 devices simultaneously. Because this project 
does not necessarily require data high data rates to transmit the signals, the high power consumption 
means that both Wi-Fi and UWB are both considered impractical.  
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3 Functional Design 
The overall end product of this project is to create a user interface system for a climber using an 
auto belay device. This user interface will be made up of a series of subsystems that will work together 
to keep the climber safely in control of their environment. The system will have several goals to be met 
through design and implementation. The first and most important goal is safety; this project should 
never compromise the safety of the climber or the functionality of the auto belay itself. The next goal is 
ease of use. The interface system created in this project should be straightforward to use and should be 
able to be taught to a user in one short session. Finally, this design will be intended to be implemented 
in recreational climbing gyms, so each subsystem should be able to work alongside and at the same time 
as several other identical systems.  Each of these goals is considered in the requirements and the 
designs discussed in the sections below. Finally, the last major goal of this project is to test the created 
system for functionality and safety. Testing will be done on all major aspects of the subsystems and to 
verify all testable requirements. 
3.1 Project Requirements  
For this project to be successful, the six requirements were developed to define the function, 
purpose, and user interactions of the auto belay system.  Each requirement discusses the operation of 
the system as a whole and addresses the needs of one or more major stakeholders. These requirements 
were crucial in developing the auto belay system and designing it to address the stakeholders’ needs.  
These requirements are tabulated in Table 3.1.   
Table 3.1: Requirements Analysis 
ID Title Description Validation Verification Priority 
R.01 Modes of 
operation 
The auto belay system shall have two 
modes of operation, descend and rest 
SH.02, 
SH.03 
Test, Model 1 
R.02 Response time The auto belay system shall respond to 
inputs from the climber in less than 0.1 
seconds 
SH.02, 
SH.03 
Model, test 1 
R.03 Standards The auto belay shall comply with 
UIAA/ANSI, and insurance standards 
SH.01, 
SH.06 
Inspect 1 
R.04 Emergency 
release 
The control system shall have an 
emergency release to disengage the 
braking system if the user input device is 
out of range for more than five seconds 
SH.02, 
SH.03, 
SH.04 
Test, Model 2 
R.05 Wireless link No part of the system shall be out of 
wireless range for more than 5% of the 
system run time 
SH.03, 
SH.04 
Test, model 2 
R.06 Usability The system shall be easy to operate for 
80% of users who rate it a four or greater 
on a 1-5 Likert scale. 
SH.02, 
SH.03 
Survey 
climbers 
2 
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The first requirement deals with the modes of operation: descend and rest.  When in descend 
mode, the auto belay system will gently lower the climber to the ground.  When in rest mode, the auto 
belay will stop and allow the climber to rest.  This requirement involves the system receiving user input 
from the climber.  Both climbers and climbing gyms expressed this need.  The second requirement deals 
with the response time of the overall system.  The response time from the moment when the climber 
loses contact with the climbing surface and the brake engages needs to be minimized for safety of the 
climber.  This requirement is paramount for climbers and climbing gyms.  The response time of the 
system is crucial to the safety of the climber.   
Based on our design, the auto belay remains the same as it was before the start of this project, 
however a braking device is being added as a clip-on module.  The entire system must comply with rules 
and regulations of the climbing industry to pass inspection; UIAA, ANSI, and insurance standards.  
Emergency releases in the control system are necessary to ensure the safety of the climber when 
ascending and descending.  The emergency release enables an operator to safely put the system in 
descend mode.  This may be necessary if the climber were to drop the user input device or any problems 
with the system.   
The interfaces between the braking device, user input device, and the control system are 
wireless and it is possible for one or more of these systems to be out of signal range. Therefore, it is 
important to minimize the time where any device would be out of range of the auto belay system.  The 
sixth requirement deals with the usability of the system.  Climbers are unlikely to change their behavior 
because of a new device on the market.  The auto belay system must be easy to learn and understand 
for both seasoned and new climbers.  The Likert scale is a scale from one to five which can be used to 
assess the usability of this technology.  
3.2 Project Subsystems and Interfaces  
This system will be made of five main subsystems, as seen in Figure 3.1. The first subsystem is 
the User Input Device. This device will be carried by the user during a climbing session. The climber will 
use this device to input the station number they are using and to input options to engage or disengage 
the braking mechanism while they are climbing. The next device is the Braking System. The Braking 
System will be used to control a servo actuator to prevent the climbing rope or webbing from slipping 
when a climber falls. The device will be controlled by wireless inputs from the control system and from 
integrated sensors. A third subsystem will be used for wireless communication between the User Input 
Device, the Braking System, and the Control System. The wireless system will be made up of a series of 
transceivers. 
11 
 
Figure 3.1: Subsystem Block Diagram 
A central Control System will be implemented to manage the wireless signals for the 
aforementioned systems. Signals from the User Input Device will go to the Control System which will 
match the commands to the correct Braking System. The Control System will be able to track user and 
device statistics and output them to one of two Graphical User Interfaces (GUIs). GUI’s are the final 
subsystem for this project; two of them will be implemented. The first GUI will be designed for users to 
track climbing statistics during a session. The second GUI will be used by climbing gym staff to monitor 
the number of systems in use and the statistics of each system overall. 
3.2.1 User input device  
A user input device was used to enable the climber to select different modes of operation both 
on the ground and while climbing.  The user input device will clip onto the harness or rope of the 
climber and have a clip-able microphone option for the climber to use.  To meet this requirement, this 
device must be light, yet durable and have the ability for the climber to input commands while still using 
both hands to climb.  To resolve this problem, voice recognition integrated circuits and push buttons 
options were explored. 
12 
A decision matrix was constructed to determine the most viable solution for user interaction, 
push buttons, or voice recognition chips.  Each was ranked on a scale of one to four in seven categories: 
ease of access, accuracy, time delay, ease of implementation, complexity of sending signals, chance of 
receiving correct input, and usability. Each criterion was ranked on a scale of one to five, based on its 
impact on this project.  Values were then assigned to the push buttons and voice commands based on 
how well they met the criteria for selection for the project.  The values assigned to each of the 
alternatives (push button or voice command) were then multiplied by the values for each criterion and 
then summed together for a grand total.  The decision reached was to incorporate a combination of 
both push buttons and voice commands.  Three different approaches were considered with these 
features:  the Speak UP board, VS 1053 chip and Dragon speech recognition applications.   
The VS 1053 chip was considered independently given its capabilities but another component 
which integrates this chip stood out. Mikroe Corporation has created a board, Speak Up that takes 
speech inputs from an on-board microphone and converts the commands with the VS 1053 chip. The 
converted commands are then sent to a microprocessor. The board is able to remember and decipher 
up to 200 commands. In addition to speech recognition, the SpeakUp board has two push buttons and 
twelve additional user programmable I/O pins. The SpeakUp board also has the ability to output using 
UART or USB.  Dragon speech recognition software apps were considered; however, most applications 
require an operating system and additional hardware which would increase the size and weight of the 
user input device. 
 
Figure 3.2: SpeakUp Board by Mikroe 
An output module was also needed to confirm the user input.  A Graphical User Interface (GUI) 
was used to visually output the mode of operation to the climber and confirm the audio message.  If the 
speech recognition system misunderstood the input from the climber, push buttons could be used to 
manually select the mode of operation.  The Speak Up board supports the Intel 8080 series and the 
Motorola 6800 LCD screens.  These modules would interface using the FSMC module on the SpeakUp 
board.   
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3.2.2 Braking Device  
 The Braking System will be created as an addition to an auto belay system that is already in 
place. The main functionality of this system will be to keep the climbing rope or webbing from releasing 
when a climber falls. This functionality is possible when using a human belayer but does not currently 
exist in an auto belay system. The system will be made up of a force sensing component, a clamping 
mechanism and a microcontroller. The system will take inputs from the wireless communication system 
created by this project.  The Control System will send wireless signals to establish a connection. In 
addition, the Braking System will receive commands from the user to either engage or disengage the 
braking mechanism. In addition, the Braking System will have two integrated sensors to determine the 
amount of force on the rope.   
 
Figure 3.3: Ratchet Strap Example 
Because different auto belays use either rope or webbing, the clamping mechanism must be 
able to support both. However, it is relatively infeasible to create a singular mechanism to effectively 
work with both.  For that reason, this project will create a separate design for each material but will 
focus heavily on webbing-based systems. Both clamping mechanisms are based on existing products; 
the webbing brake design will be based on a ratchet strap, as seen in Figure 3.3, and the rope brake 
design will be based on a rope ascender. Rather than a spring-loaded device, as used in a ratchet strap 
design, the braking mechanism for webbing would be actuated by a high power servo connected along 
the axle of the clip. This mechanism will be designed with great attention and care given to the chances 
of the clamp damaging the webbing. 
 Figure 3.4 below shows a functional block diagram for the Braking System. Wireless commands 
will be received using a wireless transceiver and will be passed to a microcontroller using pins. Signals 
will be one of several commands including “engage” and “disengage.” When the microcontroller 
receives one of these commands, it will send a PWM signal to a servo actuator that will control the 
braking mechanism. In addition to serial commands, the force sensing mechanism, described below, will 
provide inputs to the microcontroller. The force sensing mechanism will be incorporating an encoder 
which will send an analog output to the microcontroller. It is expected that the encoder count will 
fluctuate slightly due to the movement of the climber so an encoder count threshold will be created. 
The threshold value will be set such that the encoder counts should only go beyond it when a climber 
falls or puts a significant force on the rope. In addition to the encoder, a limit switch will be utilized at 
the mechanical maximum of the force sensing system. When a strong enough force is on the rope, 
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moving element of the force sensing system will hit the limit switch. The limit switch will then send a 
digital 1 to the microcontroller. When the microcontroller receives either a digital 1 from the 
microcontroller, an encoder count greater than the threshold, or both it will send a PWM signal to the 
actuator to engage the system. In addition, when the limit switch is disengaged or when the encoder 
counts become largely negative, the microcontroller will send a PWM signal to the actuator to disengage 
the clamping mechanism.  
 
Figure 3.4: Braking Device Functional Block Diagram 
3.2.2.1 Force Sensing 
The force sensing component on the Braking System will be a mechanism based on a mechanical 
rope tension sensor, as seen in Figure 3.4 below. The mechanism will be made up of two fixed pulleys 
and a third pulley that is able to slide. The sliding pulley will be attached to a bar with an extension 
spring; the spring will be used to keep the sliding pulley in place when a large external force is not 
present. The on-board sensors will be an encoder and a limit switch. The encoder will sense the angle of 
the bar attached to the sliding pulled, therefore sensing how far the pulley has moved. A threshold value 
will be set so that only falling forces will trigger the braking mechanism to stop the rope. The limit switch 
will be used for extreme cases; if the rope were to experience a large enough force, the sliding pulley 
would hit the limit switch. The limit switch would then send a digital signal, which will be easier to 
process than the analog signal of the encoder, to the microprocessor. The weight of the rope and of the 
static force of the climber while they are climbing will be taken into account when determining the 
spring constant. The system will be designed to work with a climber up to two hundred fifty pounds. 
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Figure 3.5: Rope Tension Sensor Example 
3.2.3 Wireless Communication Module 
Communication links are essential for any user interaction system.  This project uses 
communication links among the User Input Device, Control System, and the Braking Device. For this 
project, the primary communication method will be via wireless modules. The wireless technologies 
considered for this project include ZigBee, Wi-Fi, and Bluetooth Class 1 and 2 technologies.  All three 
systems use standard IEEE wireless protocols.  
Table 3.2: Comparison Table of the Three Wireless Technologies 
Standard Bluetooth Zigbee Wi-Fi 
IEEE Spec 802.15.1 802.15.4 802.11.a/b/c 
Max data rate 1 Mb/s 250 Kb/s 54 Mb/s 
Nominal range 10 10-100 100 
Max number of nodes 8 >65,000 2007 
 
Zigbee technologies will be used for this project.  Zigbee has a mesh network architecture, 
meaning the devices share more than one connection and can have a network of less than 6500 nodes.  
Zigbee devices have low power consumption and sleep most of the time, making them ideal for this 
system.  A decision matrix was created for determining the best overall technology for the wireless 
module based on the criteria of speed, cost, reliability, range, market availability, size, number of 
devices online, and risk.   
A wireless output module will be used to interface the components of the system together.  The 
wireless communication module is broken down into two parts, the XBee module and a USB mounting 
device to connect the wireless module to key components of the system.  The Zigbee module was 
selected based on a decision matrix created from four other Zigbee modules.  The XBee module selected 
was XBee 2mW Wire Antenna - Series 2 (ZigBee Mesh) and the mounting device selected was SparkFun 
XBee Explorer USB.  The mounting device was necessary for the wireless module to interface properly 
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with the different systems via USB. The criteria were Indoor range, cost, and power. There were six 
Zigbee devices considered.  
 
Figure 3.6: XBee Device and Mounting Module 
3.2.4 Control System  
The Control System will be the central communication hub for this project. All wireless signals 
will be sent to the control system before being sent to the correct subsystem. The Control System will 
store information about which User Input Devices and Braking Systems are paired at any given time. In 
order to keep track of the pairings, the user will have to input the station they are using on before 
climbing and will have to disconnect from that station after climbing. When a climber inputs a command 
into the User Input Device, the signal will be sent to the Control System. The on board processor will 
then determine the Braking Device that the system is paired with and forward the command. The 
Control System will also receive wireless status messages from the Braking Systems stating whether they 
are engaged or not. Further, the Control System will track the number of uses and falls a Braking System 
has undergone to help determine when a system needs maintenance. 
3.2.5 Graphical User Interfaces  
This project will create two Graphical User Interfaces (GUI’s) to show visual outputs from the 
Control System. The first GUI will show users their climbing statistics from a given session. If the Control 
System can access and store information related to a climber’s membership identification, the user GUI 
will also be able to show statistics over multiple sessions. The goal of multi-session statistics is to show a 
climber’s progress over time. When a user is not checking statistics on the user GUI, it will show the 
current usage of auto belay systems in the gym. This GUI will also be able to show which systems are not 
working or are blocked off for events. 
The second GUI will be created with gym staff and management in mind. The goal of the GUI will 
be to show gym staff which systems are in use at any time. It will also be able to show which systems, if 
any, need maintenance or attention.  In addition, when a staff member clicks on or selects any of the 
systems, this GUI will show system statistics such as how many climbs the system has sustained. In 
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addition, the management GUI will display an alert if an emergency stop is pressed at any time. Finally, 
the management GUI will allow the staff or managers to input reservations for a certain time or day; 
these reservations will be shown on the user GUI so that climbers can see how many systems will be 
open during a given time period. 
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4 Detailed Design 
This section will describe the detailed design of each sub-system in this project.  
4.1 Braking System Electro-Mechanical Design 
The braking device was the most mechanically complicated part of this project. The braking 
device was meant to keep the climber from falling a significant distance; as such, it needed to be able to 
activate quickly and provide enough force to keep the webbing from slipping. This system had a sensor, 
an actuator, and a clamping mechanism. The actuator used was a Vex Servo. A servo was chosen over a 
motor because continual motion was not required for this system. The sensor and clamping mechanism 
are described in more detail below. 
4.1.1 Force Sensing with Extension Spring and Limit Switch 
The force sensing system was inspired by the mechanism used in a bicycle when switching gears. 
The webbing was threaded around two static pulleys and one that could move horizontally, as seen in 
Figure 4.1 below. When a downward force was applied to the webbing, the middle pulley was pulled 
horizontally toward the other two pulleys. An extension spring was attached to the central pulley and to 
the right wall of the device casing. The extension spring had a spring constant of 0.889 lbs. per inch and 
an initial length of 0.59 inches. When more than 0.85 lbs. of downward force was applied, the pulley 
would hit a limit switch.  
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Equation 4.1: Spring Constant Equation for System 
 
Figure 4.1: Front View of Assembled System 
For the purpose of this prototype, only a small force needed to be applied to serve as a proof of 
concept. With the given spring and dimensions of the system, only 0.2 lbs. of force are needed to stretch 
the spring to the maximum extension of 1.69 inches. These values were determined through 
measurements. In order for the system to be able to work on with the weight of a full person, the 
extension spring would need to have a spring constant of 239.6 lbs. per inch. To determine an 
appropriate spring constant value for a real-world system, Equation 4.1 was used. Each of the variables 
is defined in Figure 4.2 below. 
𝑘 =
1
𝑥
[2𝐹𝑝
𝑑 − 𝑥
√ℎ2 + (𝑑 − 𝑥)2
] 
 
Equation 4.1 was derived from the spring constant equation, Force equals the spring constant 
times the extension required. In order to determine the force on the system the weight of the person 
and the geometry of the distributed forces were considered. The first expression in the brackets is the 
kinetic energy expression for the system. The second expression in the brackets is the gravitational 
Static Pulley 
Static Pulley 
Dynamic 
Pulley 
Extension 
Spring 
Limit Switch 
Webbing 
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potential energy of the system. Because of the laws of energy conservation, this expression is reliant on 
x but will not change regardless of the value of x as long as it is within the parameters of the system. 
 
Figure 4.2: Simple Diagram of System with Variables 
4.1.2 Clamping Mechanism 
The clamping mechanism created for this project was based on an industrial webbing clamp 
design. The design had teeth that were used to direct the clamping force into the webbing. The webbing 
was pressed against the side wall of the casing designed to hold the mechanism, as seen in Figure 4.3 
and 4.4, in order to give a rigid form of support. The clamping mechanism rotated about an axle and was 
driven by a Vex Servo. It was found that the Vex Servo was not able to supply enough torque to 
effectively clamp the webbing so a gear ratio and compression spring were added. The gear ratio was 
12:60 or 1:5, providing more torque to the clamping mechanism. This sacrificed the speed of the system 
considerably but allowed for the low power motor to be integrated effectively. The clamping mechanism 
was able to successfully stop at least 5 lbs of downward force before the webbing would begin slipping 
through the teeth of the clamp.  
Static 
Pulley 
Static 
Pulley 
h: Distance from center of static 
pulley to center of dynamic pulley 
x: Extension of Spring 
d: Distance from center of static 
pulley to end of spring 
Dynamic 
Pulley 
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Figure 4.3: Open (left) and Closed (right) Clamping Mechanism 
 
Figure 4.4: Gear Ratio and Servo Used to Drive Clamping Mechanism 
4.2 Braking System Command Center 
This section will discuss how commands or signals that are sent to the braking system are 
handled. This section will discuss interfaces necessary to transfer signals from a wireless interface to the 
braking system. 
The Braking System was controlled using a Command Center system that took in signals from 
both a wireless transceiver and from the force sensor explained above. The Command Center was 
created using an Arduino Uno with an external power source. In this version of the project, the power 
source was a wall plug that supplied 9 Volts at 1 Amp. The external voltage was needed to control the 
Servo from the Braking System.  
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Figure 4.5: Interface Model for Braking System Controller 
 Figure 2.6 shows the inputs and outputs of the braking system. There was an input from the 
wireless receiver that was wired into the Software Serial pins on the Arduino. In addition, there were 
inputs from an external power supply and a limit switch. The Arduino output varying amounts of voltage 
and different values of PWM signal to the Servo based on the inputs from the Xbee. 
4.2.1 Reading the Limit Switch 
The limit switch was one of the inputs to be read in the system. Limit switches, by design, have 
digital signals that switch between ground and signal. An internal pull-up resistor was used to ensure 
that an accurate reading was received by the Arduino. In the Arduino IDE, the command 
digitalRead(pin)can be used to read a pin configured as a digital input. This command was used to 
determine if the state of the limit switch was digital high (open) or digital low (closed), as seen in Figure 
4.3 below. 
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Figure 4.6: Code Snippet for Reading Digital Pin 
4.2.2 Reading Wireless Commands from Serial 
The commands sent via wireless were received by an Xbee receiver connected to a shield 
intended for Serial communications. The shield was able to connect to a USB port on a computer and 
would transmit the messages via that port to a serial monitor. To pull these communications into 
Arduino, the Software Serial library was utilized (https://www.arduino.cc/en/Reference.SoftwareSerial).  
The Software Serial library was used to create a simulated serial port through digital pins on the 
Arduino. In Arduino, the simulated serial port can be read in the same way as a normal serial ports. As 
the wireless commands were received and read in, they were stored so they could be used in other 
parts of the code.  
4.2.3 Controlling the Servo 
Whenever the limit switch was closed or a “brake” command was received from the Xbee 
module, the servo had to be actuated in order to engage the braking mechanism. Standard Vex Servos 
run through about 100 degrees of motion. In addition, Servos tend not to run well at the extremes of 
their range of motion. Therefore, the servo was only ever run between 15 degrees and 90 degrees. 
When the switch was disengaged and no “brake” command was being sent from the Xbee module, the 
servo was set to 15 degrees using the servoWrite(pin) command in the Arduino IDE. When the 
braking mechanism needed to be engaged, the servo was set to 30 degrees using the same command.  
4.3 Control System Program Design 
This section will discuss the programs making up the Control System. There are programs to 
manage inputs and determining how they will be used. 
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4.3.1 Wireless Commands for Braking Controller 
This section will contain an in-depth look at how commands are processed once they are 
received from the input device. Further, this section will discuss the algorithm used to determine how to 
handle each command. 
Commands received from wireless were stored to a Comma Separated (CSV) text file which was 
updated in real time. The Control System code continuously checked the line count on the file to see 
when new lines were added. For this generation of the prototype, only one Braking Device and Input 
Device were used. For this reason, the only piece of information needed in a message was the command 
itself. In this iteration of the project, the commands were represented as values 1 or 2, meaning to 
engage or disengage the braking device, respectively.  
In a situation with multiple auto belays working independently, each wireless command would 
contain multiple bytes of information: the device number sending the command, whether the brake 
should engage or disengage, and what number station the device was paired with. The code would then 
send a signal through the appropriate transceiver, as determined by the station in use. The signal would 
either be an “engage” or “disengage” command to be received and used by the receiver connected to 
the braking device 
Some code was created for running multiple devices simultaneously. The code created would 
allow for communication between up to five input devices and braking devices at the same time. The 
code was set up to hold an array of values related to each Input Device. The array contains three values 
for the input device number, the last command sent to the Control Center, and the current station. The 
current code does not contain a specific way for a user to indicate that they are starting or finishing 
using a specific station. That specific bit of code could be easily developed in a future iteration of the 
project. The commands could be set up with only two values: the Input Device and the new Station in 
Use. Then the code that pulls new lines from the CSV could then check if the line has two values to 
indicate the initialization of a new station, or three lines to indicate a command for the Brake System.  
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Figure 4.7: Control System Flow of Information for Multiple Systems 
 Figure 2.6 shows how the commands sent from the User Input Device are sent to the Braking 
system, using the Control Center. The blue, dashed arrows show places where the commands are sent 
wirelessly. The black, solid arrows denote that the commands are passed between blocks in the 
software or via serial communications. This model can be used for up to “n” number of devices, 
assuming the user had enough hardware to support them.  
4.4 Creating a GUI using Python and Tkinter 
This section will discuss the design and implementation of a Graphical User Interface using 
Python and the Tkinter package for GUIs (http://tkinter.unpythonic.net/wiki/).  Tkinter is a package that 
exists to more easily create GUI’s in Python. Tkinter has specific built in functions to display information 
or pull text from an input. In addition, it has aligning functions that can be applied to each element 
independently.  
4.4.1 Creating and Implementing a User Log-In 
The Tkinter package was used to create a user log-in screen. The log in needed to be able to pull 
information input by the user, such as a device number. The GUI would then use that information to find 
the usage statistics for that device number. After logging in, users can see their statistics for the session.  
The user log-in only has five main elements, all of which are standard with the Tkinter package. 
The first two elements are the Entry boxes for device number and the user’s membership number. Each 
Entry box has a Label element related to it. In this module, the Label element was appended to the left 
side of the line that has the associated Entry box. This allowed for the four elements to be related to 
each other in a 4x4 grid, as seen in Figure 4.4. The third element is the submit button, also seen in Figure 
4.4. In Tkinter, the Button Element has fields for the label and a field for the function to be called when 
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the button is pressed. The default shape of the button is a rectangle and the size is based on the text in 
the label field.  
 
Figure 4.8: Sign In Window Made Using Tkinter 
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5 Suggestions for Future Work 
This system was designed as a prototype to be tested and used in a controlled environment. In 
order for this project to move further in the recreational climbing industry, it will have to be more 
robust in both mechanical and software aspects. Key aspects to be reworked include the mechanism 
that stops the webbing when the device is in brake mode, and the GUI. In addition, the code and devices 
would need to be updated in order to effectively have multiple systems working together.  
5.1 Braking Device Design 
The braking device for this project was able to work successfully under small scale tests. Only a 
3D printed clamp piece was used because the part was too difficult to mill out of aluminum given the 
limitations of machines and tools available in the WPI Manufacturing Shop. For any future iterations of 
this project, it is advised that the clamp be made of metal but also that it be potentially redesigned. 
Through testing and experimentation, it was found that while the clamp had many points of contact on 
the webbing, in the form of teeth, the surface area covered was not enough to clamp the webbing. In 
actuality, the clamp caught on the ridges of the webbing which is not reliable, especially if the webbing 
is worn down or does not have ridges.  
A potential redesign could be based off of a spring loaded ratchet strap clamp, as seen in Figure 
5.1 below. A clamp designed in such a manner would have a higher surface area in direct contact with 
the webbing and would have clamping force delivered by the spring in the system. Manufacturing would 
be more difficult than the clamp created for this project, however. Because of the small features and the 
close-together teeth, the clamp would likely have to be cast rather than machined.  
 
Figure 5.1: Ratchet Strap Clamp to Model Future Work After 
5.2 Working with Multiple Systems 
This iteration of the project was intended to work independently, without worrying about 
incorrect or corrupted signals from other systems. In a real-world application, many of these systems 
would be in use at the same time. As such, the wireless transceivers would need a way to ensure their 
signal got to the correct devices and was not lost in transmission. This is where the control system really 
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would come into play. The main idea behind the control center was to take in wireless signals from the 
user input device and determine which braking device to send them to.  
In a future iteration of this project, it would be suggested to include an alphanumeric character 
or string with every transmission sent to indicate which device is sending it. The control center could 
store each device’s character or string in a small database or in a series of variables. Each message 
would be stored to the CSV file to be read in. Upon reading, the control center would pull the device 
number and could enter into a state machine or other logic algorithm to determine where to send or 
store the messages.  
Future work would need to look into ways of ensuring that signals sent to or from the Command 
Center are transmitted properly without being intercepted or lost along the way. In addition, it would 
likely be useful for project work done on the User Input Device to include a way of “signing on/off” of a 
belay station. That is, the User Input Device should have a way for the user to indicate that they are 
ready to begin climbing on a specific system and to indicate that they are done climbing on that system. 
This would be important for the Control Center to be able to correctly route signals.  
5.3 GUI Implementation 
During the course of this project, a framework was set up to implement a GUI but a functional 
GUI was never created beyond a log-in screen. It is recommended that development of the GUI 
continue, however, Python and Tkinter might not be the most robust systems for this purpose. One of 
the main highlights of the proposed GUI was to be able to generate graphs for several different groups 
of information. Tkinter was able to be paired with another package that supported graphing but the 
package was clunky and out of date. For future work, it is suggested that a new GUI platform be 
explored, such as Java or any other app-developing language.  
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6 Conclusion 
In conclusion, this project focused on improving current auto belay systems by increasing 
system functionality by replicating the work of a manual belayer. This project was intended to be a 
prototype and three major subsystems were created. A braking device was created that could hold a 
small amount of weight. In order to hold more weight, the device would have to be made from stronger 
materials and a stronger spring would have to be used. In addition a new design could be implemented 
that increases the surface area of the clamp on the webbing. The second system was the Control Center 
to be used with multiple belay stations. This project only used a single transmitter and receiver but the 
infrastructure was set up to allow more stations to be working at the same time. The Control Center 
would be able to both collect and store data received from the transmitters. The third subsystem to be 
developed was the GUI for the users of the product. In order for the GUI to work more effectively, 
information would need to be received by the Control System in pseudo-realtime. In addition, it is 
suggested that the GUI be recreated in a new platform to make it more robust and compatible with 
systems used at the gyms. With the three subsystems working together, the improved auto belay 
system offers the user more flexibility when climbing.  Auto belays are used in climbing gyms 
throughout the world and if this project was made more robust, it could be a significant innovation and 
a game changer in the recreational climbing industry.  
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Appendix A: Breaking System Code 
This appendix contains the program used to control the Braking System. The program was written in the 
Arduino IDE and run on an Arduino Uno. 
#include <Servo.h> 
#include <SoftwareSerial.h> 
Servo myservo;  // create servo object to 
control a servo 
SoftwareSerial XBee(2, 3); // RX, TX 
 
int pin = 2; 
int letter = 0; 
int closedFlag = 0; 
 
void setup() { 
  pinMode(pin, INPUT_PULLUP); 
  myservo.attach(5); 
  XBee.begin(9600); 
  Serial.begin(9600); 
  myservo.write(90); 
} 
 
void loop() { 
 
  if (XBee.available() > 0) { 
    letter = XBee.read(); 
    //Serial.print("letter is "); 
    Serial.println(letter); 
  } 
 
 
  if (letter == 1) { 
    closedFlag++; 
  } 
  if (letter == 2){ 
    closedFlag = 0; 
  } 
 
  if (digitalRead(7) == HIGH) { 
    closedFlag++; 
  } 
 
  else if (digitalRead(7) == LOW) { 
  } 
 
  if (closedFlag >= 3){ 
    myservo.write(15); 
  } 
  else if (closedFlag == 0){ 
    myservo.write(90); 
  } 
}  
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Appendix B: Code to Take Inputs from Serial in Python 
This appendix contains code that can be used in Python to pull data from a Serial line. This code would 
be utilized with the Control Center should multiple systems be run at once. 
import serial 
import csv 
 
if __name__ == '__main__': 
 # configure the serial connections  
 ser = serial.Serial( 
     port='COM3', 
     baudrate=9600, 
     parity=serial.PARITY_ODD, 
     stopbits=serial.STOPBITS_TWO, 
     bytesize=serial.SEVENBITS 
 ) 
 
 f = open("sampledata.csv", "w") 
 f.truncate() 
 f.close() 
 
 with open('sampleData.csv', 'w', 
newline="") as csvfile: 
inputWriter = csv.writer( 
csvfile,  
delimiter=' ',  
quotechar='|',  
quoting=csv.QUOTE_MINI
MAL 
) 
 
  ser.isOpen() 
  stringArray = [] 
 
  while 1: 
   x = ser.read() 
 
   if(x == b'\r'): 
   
 inputWriter.writerow(stringArray) 
     
   elif(x == b'\n'): 
    stringArray = [] 
 
   else: 
    letter = chr(x[0]) 
   
 stringArray.append(letter) 
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Appendix C: Code to Create Sign-In GUI 
This appendix contains the code written to create a Sign-In GUI. The program uses Python and the 
Tkinter package discussed above. 
# Belay MQP GUI Test 
#  
# 
# 
 
#!/usr/bin/env python       
from tkinter import * 
from array import * 
import time 
 
master = Tk() 
master.title('Title') 
 
# Variable to hold the input 
input1 = None 
input2 = None 
 
L1 = Label(master, text="Device Number") 
L2 = Label(master, text="Member ID (Optional)") 
L1.grid(row = 0, sticky=W) 
L2.grid(row = 1, sticky=W) 
 
DevNum = Entry(master, textvariable = input1, bd 
= 5) 
MemID = Entry(master, textvariable = input2, bd = 
5) 
DevNum.grid(row = 0, column=1) 
MemID.grid(row = 1, column=1) 
 
def userinput(): 
global inp 
a = DevNum.get() 
b = MemID.get() 
 
# Update the variable 
inp1 = a 
inp2 = b 
 
b = Button(master, text = 'Submit', command = 
userinput) 
b.grid(row = 2, column=1) 
 
if __name__ == '__main__': 
 
 master.mainloop() 
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Appendix D: Code for Control Center 
  This appendix contains  the code that would be used for the Control Center if it were to be 
implemented with multiple systems. 
# User Input Script 
# 
# 
# 
# 
 
#!/usr/bin/env python 
from tkinter import * 
from array import * 
import time 
import linecache 
 
import csv 
f = open('sampleData.csv') 
csv_f = csv.reader(f) 
 
oldCount = 0 
 
def countRows(): 
 global oldCount 
 xbeeInput = [0, 0, 0] 
 xbeeInputList = ([0,0,0]) 
 
 device1 = [0, 0, 0] 
 device2 = [0, 0, 0] 
 device3 = [0, 0, 0] 
 device4 = [0, 0, 0] 
 device5 = [0, 0, 0] 
 
 rowCount = 0 
  
 for row in csv_f: 
  xbeeInput = row 
rowCount+=1 
if rowCount > oldCount: 
DevNum = xbeeInput[0] 
status = xbeeInput[1] 
station = xbeeInput[2] 
 
if (DevNum == '1'): 
device1 = [DevNum, status, station] 
 
elif (DevNum == '2'): 
 device2 = [DevNum, status, 
station] 
 
elif (DevNum == '3'): 
device3 = [DevNum, status, station] 
 
elif (DevNum == '4'): 
 device4 = [DevNum, status, 
station] 
 
elif (DevNum == '5'): 
device5 = [DevNum, status, station] 
    
oldCount = rowCount 
 
Devices = [device1, device2, device3, device4, 
device5] 
return Devices 
 
 
if __name__ == '__main__': 
 
 countRows()
 
 
